Many polluted lakes in Europe are being restored and phosphorus concentrations have dropped dramatically in these lakes. We studied the genetic structure of Daphnia galeata over the past 30 years in Lake Greifensee, Switzerland, a period during which the phosphorus concentration in the lake reduced dramatically. Distinct genotypes of D. galeata were hatched from diapausing eggs extracted from six different time horizons in dated sediments. We compared juvenile growth, size and egg production of D. galeata reared on high-P and low-P algae to investigate whether Daphnia have evolved to grow better on phosphorus-limited algae. Our results indicate that life histories of D. galeata differed significantly between both food types. We also found significant clone effects for size and egg number. But we found no significant interaction between the depth from which the clones were selected and food quality. This means that we found no evidence for adaptive micro-evolution in response to P reduction in the lake. We discuss our results in relation to other studies that found evidence for adaptive micro-evolution in comparable time frames.
Introduction
Remains of cladocera have been proven to be very useful for paleolimnological studies (Frey, 1969 (Frey, , 1974 . Analyzing zooplankton remains allows a planktonic lake-community up to ten-thousand of years old to be reconstructed (Duigan & Birks, 2000; Jeppesen et al., 2001) . Also changes in the species composition, their morphology or possible hybridization events can be documented, as was shown by Hofmann (1991 Hofmann ( , 1998 . In this type of study, remains such as mucrons, postabdominal claws and resting eggs are used. Recently, however, researchers started to analyze diapausing eggs as living remains, trying to hatch them (Hairston et al., 1995; Hairston & Ca´ceres, 1996) or to study their genetic make-up by directly genotyping the eggs or their remains (Duffy et al., 2000; Limburg & Weider, 2002) . Analogous to seed banks in terrestrial ecology, deposits of diapausing eggs are called egg banks (De Stasio, 1989) .
Analyzing diapausing eggs indirectly or directly (by genotyping the hatched individuals) allows the study of genetic changes in a plankton population over many decades. Several studies using Daphnia, which hatched from lake sediments, have shown that the genetic composition of the population changed over time (Weider et al., 1997; Jankowski, 2002) . Others directly analyzed the resting eggs (Duffy et al., 2000; Cousyn et al., 2001; Limburg & Weider, 2002 ) using molecular techniques (e.g. microsatellites or MtDNA-sequencing), and produced comparable results. The advantage of directly genotyping eggs is that eggs that do not hatch can also be analyzed. This allows the study of past genetic changes over a much longer time frame. Weider et al. (1997) found a correlation between genetic changes in the D. galeata population of Lake Constance and the reduction in phosphorus concentration of this lake over the past 40 years. In a subsequent study, Hairston et al. (1999 Hairston et al. ( , 2001 showed that clones that hatched from different sediment layers reacted differently to cyanobacteria, indicating that rapid genetic changes had occurred.
Using clones that hatched from sediment layers that are up to several decades old provides a unique opportunity to directly test specific evolutionary hypotheses. The reaction of 'old' and 'recent' clones can be compared in laboratory experiments, testing how they perform under 'recent' or 'old' conditions. In a recent study, Cousyn et al. (2001) used this approach and showed that evolution can operate very fast. They found that a Daphnia magna population showed strong genetic changes in phototactic behaviour after ten years, and could relate these changes to changes in fish predation pressure.
Many deep pre-alpine lakes received a high input of nutrients and became hypertrophic in the 1960s and 1970s. Since then they have gone through a process of oligotrophication (Bloesch et al., 1997) . In spite of this, many of them are still classified as eutrophic (Ruggiu et al., 1998; van der Molen et al., 1998) . Eutrophic conditions have fundamentally changed the biotic and abiotic conditions in these pre-alpine lakes. For example, the hypolimnion of deep lakes became anoxic in summer, leaving a reduced stratum for plankton and fish. The oligotrophication of lakes changed the C:P ratio in those lakes, resulting in a change in quality of the algae as food for the zooplankton. P-limited algae are known to be suboptimal food for zooplankton (Sterner et al., 1993) . Several studies showed experimentally how high C:P ratios change the life histories of Daphnia (Boersma, 2000; Plath & Boersma, 2001) . The goal of our study was to verify whether the fast adaptive reaction of Daphnia to changes in fish predation (Cousyn et al., 2001) or to the presence of cyanobacteria (Hairston et al., 1999) can also be found in their response to food with different C:P ratios.
In the present study, we investigate how Daphnia clones that hatched out of different sediment layers (up to 30 years old) from Lake Greifensee (Switzerland) perform under laboratory conditions to food (the green algae Scenedesmus obliquus) cultured in P-rich and P-limited conditions. We hypothesized that Daphnia fed with P-limited algae would show smaller clutch sizes and a lower intrinsic rate of increase compared to Daphnia fed with algae grown under high P conditions. However, under the hypothesis of adaptive evolution, we also expected that Daphnia clones hatched from deeper sediment layers, would do worse under P-limited conditions than Daphnia clones that hatched from more recently produced ephippia. In other words, we expected crossing reaction norms for performance on high and low C:P ratio's, between 'older' and 'younger' clones.
Study site
Lake Greifensee (Switzerland) is a highly eutrophic pre-alpine lake with a surface area of 8.5 km 2 and a volume of 150 · 10 6 m 3 . Its average depth is 17.7 m, with a maximum depth of 33 m. Total phosphorus levels in the lake in February 2000 were less then 70 lg l.
)1 and have declined sharply during the last 20 years (Bu¨rgi et al., 2003) . Two rivers (Aa-Bach, Mo¨chaltdorfer-Aa) flow into the lake, while one lake outlet (Glatt) drains the system. Only the larger Aa-Bach seems to create a noticeable flow-through towards the lake outlet (Keller et al., 2002) . The first major step in the eutrophication of the lake started in the beginning of the last century (Guyer, 1910; Mu¨hlethaler et al., 1993) . After the peak of eutrophication in 1973 (P tot February ¼ 535 lg l )1 ), restoration measures were started. Since then, P tot values have decreased (P tot February 2000 < 70 lg l )1 ) but the lake is still eutrophic (Mu¨hlethaler et al., 1993) .
Materials and methods

Daphnia clones from the Lake Greifensee sediment
Two species of Daphnia, D. galeata and D. hyalina, coexist in Lake Greifensee, together with their interspecific hybrid (Spaak et al., 2001) . There is, however, evidence that the D. hyalina genotypes actually are backcrosses or F 2 hybrids (Spaak et al., 2001) . To explore evolutionary changes in life history characteristics, it was necessary to obtain genotypes from different time periods in the past. D. galeata overwhelmingly dominated the hatchling pool from the diapausing eggs isolated from the lake sediment. No D. hyalina hatchlings were obtained, and only a small number of hatchlings (10 out of 118, B. Keller, unpublished) were D. galeata x hyalina hybrids. For this reason, our study is restricted solely to D. galeata.
The D. galeata clones were collected as diapausing eggs from two sediment cores taken at the deepest part of the lake (33 m deep) in 1999 (for details see Keller et al., 2002) . Since all clones hatched from sexually produced ephippia, they are genetically distinct clones by definition. Sediments were dated by counting annual laminations and confirmed by measurements of 137 Cs-dating in a parallel core (Keller et al., 2002) . The presence of annual layering (varves) within these sediments shows that little or no sediment mixing (e.g. by bioturbation) has occurred in the sediments sampled. The core was sliced at 1.4 cm intervals and Daphnia ephippia were isolated by sieving. As each slice included roughly 3-5 annual laminations, the age of the eggs can be determined only to this resolution. Ephippa were transferred to cell culture plates with freshly filtered lake water, and exposed to permanent light at 12°C. The plates were checked daily for hatchlings. Each Daphnia that hatched was cultured individually to establish a parthenogenetic isoclonal line, and was cultured in the laboratory until the experiments were preformed. The clones were screened for genetic variation, to determine their taxon, at two polymorphic allozyme loci using the methods of Hebert & Beaton (1989) . Aldehyde oxidase (Ao, Enzyme Commission number (EC) 1.2.3.1) and Asparate amino transferase (Aat, EC 2.6.1.1) were scored for each clone. Aat and Ao contain species specific alleles (Wolf & Mort, 1986; Gießler, 1997) . Twenty clones of D. galeata from five sedimentage categories and four clones that hatched from recently produced ephippia (Table 1) were tested for their reaction to a diet of P-limited and Punlimited algae.
Flow through experiment with P-limited and P-unlimited food
We tested 24 D. galeata clones (Table 1) in a flow through system, using Lake Greifensee water as the culture medium. P-content of Lake Greifensee water is low (10 lg l )1 ) during spring. The animals were grown at 20°C in filtered (0.45 lm) and aerated lake water. The mothers and grandmothers of the experimental animals were kept with a maximum of five individuals in glass vessels of 200 ml at a 16:8 h light cycle. Water was changed daily. Mothers and grandmothers received chemostat-grown algae (Scenedesmus obliquus) as food at a final carbon concentration of 1 mg l )1 . The experiment was conducted in a flow-through set-up in 150 ml Perspex cylinders closed with plankton gauze (mesh size 150 lm), with an exchange rate of 3.5 day )1 . Cylinders were maintained in a water bath in a climatized room at 20°C. The food media in the reservoir bottles were stirred continuously, kept in the dark and renewed daily.
The performance of each clone on the two types of food was measured as somatic juvenile Clones from Ôdepth 0Õ were hatched from 'freshly' produced floating ephippia, collected 25 May 2000 in Lake Greifensee. The other clones were hatched from two cores taken on 4 June (A-numbers) and 7 October 1999 (B-numbers) from the deepest part in the lake.
growth rate, g j (day )1 ), the specific rate of mass increase during the period from neonate to maturity: g j ¼ [ln(M m /M n )]/t, where M m and M n are the masses (mg) of the mature and neonate Daphnia, respectively, and t is the time from neonate (<24 h old) to maturity (typically 5 or 6 days at 20°C). In laboratory experiments, juvenile growth rate is highly correlated (r 2 ¼ 0.99) with life-table estimates of the instantaneous rate of increase for Daphnia populations, and therefore can be interpreted as a reasonable measure of fitness in an exponentially growing population (Lampert & Trubetskova, 1996) . For each clone, g j was measured for animals fed on a poor food diet containing S. obliquus grown under low-P conditions (C:P ratio of the culture: >1000), and on standard algae (C:P of culture 137). The P-limited chemostat had a P concentration in the medium of 2 lM, which is 4% of the P available in the standard culture and a little lower as the 2.7 lM used by Boersma (2000) . In both treatments, the amount of food was the same (1 mg C l )1 ). For each clone, g j,lim and g j,not-lim were measured separately using replicate 150-ml flow-through culture chambers that sustained food at 1 mg C l )1 , well in excess of growth-limiting concentrations. Since our system had a capacity of maximal 96 flow-through chambers, the whole experiment was replicated three times, using the second, fourth and sixth brood of the mothers as our experimental animals. Each run of the experiment contained 24 (clones) · 2 (food quality) · 2 (replicates) ¼ 96 experimental units. Two replicate chambers per treatment, each containing four to eight individuals, were used for each growth-rate measurement on each Daphnia clone.
Initial weights were determined in triplicate for each clone using a minimum of six neonates isolated at the time of the start of a growth trial. At the termination of a growth trial, all individuals in each chamber were isolated and weighed together to an accuracy of 0.1 lg. All weight measurements were made on animals dried for 24 h at 60°C on a Metller micro-balance. In addition, from three randomly chosen individuals, the length of an animal was measured as the distance from the top of the eye to the base of the tail spine, using an ocular micrometer. From these animals we also counted the number of eggs. We did not determine the age at maturity because we stopped the experiment after 6.5 days. At that moment most animals had eggs in their brood pouch.
Data analysis
To investigate whether Daphnia clones from different depth strata in the sediment reacted different to food quality differences we analyzed juvenile growth rates (g j ), size at first clutch and number of eggs in the first clutch in a mixed ANOVA design with food quality and depth as fixed factors and clone as nested random factor within depth.
Results
Juvenile growth rate g j differed significantly between both food qualities (Table 2, Fig. 1 ). There was also a highly significant clone effect. The depth in the sediment from which the clones were isolated, however, did not influence juvenile growth rate, and there was no significant depth · food Table 2 . Three-way mixed design ANOVA with food quality and depth as fixed factors and clone as nested random factor within depth df Juvenile growth rate (g j )
Size first clutch
Size at maturity quality interaction. The number of eggs in the first clutch and the size at maturity showed the same pattern in their reaction to different food qualities (Table 2 , Fig. 1 ). For both traits, there was a significant clone effect as well a significant effect of food quality. Animals grown on P-limited food were smaller and had fewer eggs. There was a significant clone · food quality interaction effect, but we found no significant interaction between depth and food quality (Table 2 ).
Discussion
Our results show clear differences in all measured life history traits between the P-limited and Punlimited food. Additionally we found significant clone effects as well as clone · food quality effects (Table 2 , Fig. 1 ). However, we did not find the significant depth · food quality interaction as predicted by the hypothesis of adaptive microevolution. This means that the variation between clones is not structured along a depth gradient in the sediment from which they came. Genetic analysis of these and additional D. galeata clones from Lake Greifensee sediment showed that the frequency of the Pgm-F allele significantly increased and that of Pgm-S decreased during the last 35 years (Keller, unpublished data) . This indicates that the genetic composition of the D. galeata population in Lake Greifensee changed during the last 35 years. This is also the time frame during which the phosphorus concentration lowered dramatically in this lake. Our results are similar with those of Weider et al. (1997) who studied the Daphnia galeata population of Lake Constance. Similar to Lake Greifensee, D. hyalina, D. galeata and their interspecific hybrid coexists in Lake Constance. Analogous to what we found in Lake Greifensee Weider et al. (1997) also observed only D. galeata to hatch from the sediment. Weider et al. (1997) also observed a shift in allele frequencies with sediment depth. They used the same enzymes as we used and report a reduction in the frequency of the Pgm-S allele (Weider et al., 1997) , the same allele for which we observed a reduction in frequency in Lake Greifensee. Both lakes underwent a phase of oligotrophication during the last 30 years. It is striking that the shifts are similar for the same taxon and same locus in both lakes. However, there are remarkable differences. The maximal phosphorus levels in Lake Constance were around 95 lg l )1 in the seventies, which is roughly the same level as where Lake Greifensee is now after a reduction from 600 lg l )1 in 1970. This indicates that, although the process of oligotrophication occurred in both lakes, it can not be concluded that there is a direct causal relation between the Figure 1 . Mean values of three life history traits (juvenile growth rate, number of eggs in the first clutch and size at maturity), derived from the flow through experiment, for clones isolated from different depths of Greifensee sediment (see Table 1 for depth codes) at P-unlimited and P-limited food. Error bars indicate 95% confidence limits of the mean.
reduction in P-loading and the changes in the Pgm-S allele frequency. The selection pressure on adapting to P limitation might not have been high enough in Lake Greifensee where P levels, despite the strong reduction, are still a lot higher than for example in Lake Constance. Probably evidence for adaptive micro-evolution for the adaptation to P-limitation could be found in a lake like Lake Constance, especially since adaptive micro-evolution for the resistance to cyanobacteria already has been demonstrated for this lake (Hairston et al., 1999 (Hairston et al., , 2001 .
A problem during our experiment was that our P-limited algae managed to take up P from the lake water, making them a lot less P-limited than planned. The final C:P ratio in our experiment for the P-limited algae fluctuated between 180 and 420 with a mean of 223. The C:P ratio of the unlimited algae was 134. Brett et al. (2000) stated in a literature overview that the true critical threshold for Daphnia lies between 225 and 375. This means that the daphnids in our flow through experiment were probably not P limited all the time.
Nevertheless, the P-limited algae significantly influenced all measured traits compared to the nonlimited algae. But since clones isolated from different depth showed the same reaction to these bad food conditions our result do not support the hypothesis of adaptive micro-evolution for the tolerance to P-limited food stress in Lake Greifensee.
